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The present invention relates to a centrifugal spectrometer, and in particular 
although not exclusively to a spectrometer for separating biological cells 
macromolecules or other objects. The invention further relates to the general 
fields of the sequencing and sorting of b^o^^^ 

Conventionally, the sequencing and sorting of biomolecules, and the sorting of 
cells, is carried out using electrophoresis. A variety of different approaches are 
possible, but most take a considerable amount of time to run' to completion. 
Furthermore, a balance has to be struck between reading out the results 
relatively quickly (when the bands will be narrow but very close together) and 
delaying the readout (in which case the.bands, although further apart, Will have 
become broader and more diffuse). 

It is an object of the present invention at least to alleviate these difficulties of 
the prior art. 

It is a further object of ihe invention to provide a spectrometer, and a method of 
separating objects, which is simple, convenient and qui6k to use. ' " 

According to a first aspect of the present invention there is provided a method 
of separating objects comprising . 

(a) placing the objects in a separation channel; 

(b) rotating the channel to produce a centrifugal. force on the objects; 

(c) creating an electric field which varies along the chahnel; and 

(d) allowing the objects to migrate and separate alohgthe channel under ' 



fte co,„bined influences of a. eentt&ga, force and the electric field. 
According .0 a fisher «pe,..f.he invention, .he. 

rotor, comprising: y^^iromeier 

\'f *^!^ .^r^^-^xtendingljlade; .. - 

Cb) fi^M Shaping .ea5,:f„,,^pi„g,^,^^^^ g^,^ ^.^^ 
along the blade; 

^ ^ ^ wed about an axis, objects^™^^^ 

nugrate and sepa^ ™,der. the combined influence of the cenMfogal 
foree and the electric field. 

^'"-"ti^fi'^ereK.ends.oa.spec^^ 

J P^,o„s,y defined. l.e „er ma, -ineh.d. a con.ol,=r t 
simultaneouslv cnntmiiir^v i. . 



20 



25 



. - - — "xwiuuc a controller for 

sunultaneously controlling one or both of dte totor angtUar velocity and the 
lec^c eld. Preferably, dte controls may be linlced in order to ^.ow the user 
to vary the dynamic range of the spectrometer. 

The invention nrovide^^ Q]in/^n*^T.;+,, 

.1 V' u . ^ s.Wenpnly ovjr.. conventional methods of 

otTT; " " f--s the sepa^ed bands (within 

PCenna. wells) so that d,ey do no. broaden wi«, time. Ms gives «,e 
advanmge of ex»a resolution, Tie method and apparatus of the present 
mventton also provides ^ter, throughput and dynamic ™,ge, in addition .o 
havmgfte capability, in ,ome embodiments, of variable dynamic range. 

Where more than one blade is p^vided on the rotor, native and SDS-page 
treated protein samples may be separated ou, in pat^lel, thereby p„,vidi„g I 
altemat, ve ,0 a conventional 2-0 protein map. TTere is a substantial advantage 



* 



in speed. 



The invention may be used to carry dut DNA sequencing and analysis of single 
nucleotide polymorphisms, using some relatively simple sample preparations. 
The method and apparatus of the present' ihvention may he able to resolve 
longpr DNA chains than can conventional ^iquencers. ' 

The present invention is also expecte'rftb Be Extremely Effective in cell sorting, 
since it operates veiy rapidly compared with conventional ceH 

The invention, in some embodiments, also allows for the possibility of 
extracting interesting identified bands (of cells, proteins. DNA or other objects 
being separated), for furthel- analysis. 

In most embodiments, the objects to be separated migrate through , a liquid 
buffer (for example saline solution) under the combined influence of the 
centrifugal force and the electric field. Other embodiments are. however 
envisaged in which molecules or other objects to be separated migrate through a 
gaseous buffer, or move within a vacuum cavity. 

In addition to being used for the selection, sorting and where appropriate 
sequencing of biomolecules such as DNA, RNA, proteins and so on, the 
invention may also be applied to the separation of biological cells, gas or 
vapour molecules, along with a variety of other small objects such as 
particulates. It could be used to sort any objects with* well-defined q/m values. 

The invention may be carried into practice in a number of ways, and a variety of 
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. specific embodimenteswill.now be described, by way of example, with 
reference to the accomp^ying drawmgs, in which: 
Figure. ! shows. *e.rotqr pf....spectromet^^ 
the invention; . , : 

5 Figure 2 shows an. alternative rotor of a second embodiment; ' 
. Fig^e3showsthecavityfprarptoraceordingto£^^^ 
^^Sure4showsanaItematiyeTOtorconfigur^^^^ 

, Figure 5 shows in more detail the shape of one of the rotor blades of Figure 4; 
Figure 6 shows the potential, potential wells as a function of radius, for fee 
10 configuration of Figure 4; 

^^^^ 7 ^h^^s the distribution 
for the configuration of Figure.4; 

Figure 8.sho.ws the q/m dependence of bandwidth for a variety of different 
teniperatures; 

Figure 9 illustrates how well neighbouring q/m values can be resolved, as a 
function of q/m; 

Figure 10 shows how many bands per centimetre can be resolved as a fimction 
ofq/mat25°C; and ... - , 

Figure 1 1 shows, schematicdly, an exemplary spectrometer^ control system. 

Figure 1 iHustrates, schematically, the rotor of a spectrometer according to a 
fct embodiment of the invention. The rotor consists of a flat, round, disk or 
pla^rm of a rigid, material (such as steel), within which is cut a number of 
circumferential-vertical-sided cavities or blades 12. In Figure 1, four blades 
are shown, but there may be more or fewer than that number. 

Each blade extends radially from ^.flat imier edge 14 to a blade end 16 near the 
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outer periphery of the disk 10, One side of the blad^^ is defined by a straight 
edge 18, while the other is. defined by. a. shaped edge 20. Within the cavity 12 
there is a vertical wall, parallel with the. straight edge 1 8, which separates the 
cavity mto two portions, namely a narrow separation channel 24 and a buffer 
(e.g. saline solution) region. 26. ... A small . ai;er^^^ shown) is 

prov,ded.some^yhere^along the length of m wall; allo^^g communication 
between the separation .channel54. and: the. Buf^^^ i„ 
fbrmer^also contains bufler... ..Feed .channels 28 connect each 5f'the buffer 
regions 26 with a central , well 30:. v UV^trah^^^^^^^ covers (not siiown) are 
bonded to the upper and lower surfaces of the disk 10, thereby enclosing the 
cavities. The covers may be entirely trarisparent or, alternatively, may be 
transparent only above and below the . separation chamiels 24, thereby defining 
four narrow radially-extending readout strips. Where appropriate, to maintain 
electrical isolation, the walls of the cavities may be coated with a non- 
15 conductive material. 

To prepare the rotor for use, a conductive buffer (e.g. a saline solution) is 
mtroduced into the central well 30 through a central hole (not slidwn) in the 
upper cover, and is allowed to pass down the feed channels 28 into the buffer 
regions 26. From there, the solution passes through the gap in the wall to fill " 
the separation channels- 24. , Samples :containing biomolecules, cells or other 
objects for separation are placed in wells 32 at the inner end of each of the 
separation chamiels 24. Small holes (hot showh) in the upper cover provide 
access to these wells. 
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In order to start the separation process, the disk 10 is rapidly spun, at a 
controlled angular velocity,, around a central spindle 34. Simultaneously, a 
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e n ' "^"^ "lade 

pr fe.b,y by applying a p„,,ve voltage a, «>e inner edge 14 and a nega^v 

Toaebieve.a,anelec.od^ 
pr^-ded, a, ^e bl,de end. -.d ...er. e,eo.ode (n^-sbo^, .a. ^ J 

ottheiimeredge.l4. 

„ ^d a, elecWc fp.., „ ae cetoi&gal O varies witl, . al^g tbe 

^na* Of fte Channel, provided d,a..,^e roU.io„al ve.ooi.y . no. changed^ 

field ™to d,e cavity ™.es.non*eariy wM. ^ diatanee. Since the wall 
^ 22 has httle or no effe« o„.d,e electric field wiftin the cavity, the field within 
. 4e ?ep^pn channel 24,i, substantially the san,e that within the buffer 
region 26 . Ce. fte isopotential lines e«end across the wall 22). Thus the 
objec^ being separated experience an electric force which varies non-lin^arly 
accordn,, ,0 the disr^oe the object has travelled down the channel, with Z 
- "^7^ ^^'ween.the distance attd ft. force betag defined by the precise 
a-nflguraf on of the shaped edg. 20. -It wiU-be' under^od that the putpose of 
fte wall ,s metely to prevent the satnple difftsing across into the buffer 
«g.on 26. and to keep it closely constrained withh, a linear channel from which 
readouts can easily be taken. ..... 

Depending upon the voltages applied, the speed of rotation, and fl,e 
configuratiot, of.the shaped edge 20. the molecules or odter objects being 
sepat^ted move along the .channels until they teach the bonom of a potential 
well .n^^which the ou,ward. c™tri&gal for« exactly balances the mward fotce 



due to the electric field. . As wiU be shown iii more detail below, the 
equilibrium point for a particular object depends upon its effective charge/mass 
ratio q/m within the buffer environment. Hence, the sample automatically 
separates out into a . number of differerit bands, each representing a particular 
q/m value. Because the positions of the bands are defmed by the lowest points 
of potential wells, the band widths remain constant once equilibrium has been 
achieved, and do nptsubstantially diffuse' wi&t^^^^ - 

In order to read out the band positions; a read head 36 is employed, the head 
being mounted for radial movement across the disk on a movable head 
positioner 38. Alternatively, the head may be elongate, and fixed. The head 
reads the position - of the bands by any convenient mechanism,' such as by 
detecting band fluorescence, -which may be intrinsic to the molecule or induced 
by a laser or other light source. It is preferred, however, that the head consists 
of a UV detector arranged to detect the intrinsic UV absorption of the bands. 
That may be achieved by allowing a UV light (hot shown) to shine through^the 
UV-transparent lower cover, through the sample, and through the tJV- 
transparent upper cover prior to detection by the head 36. By determining the 
amount of light received by the head, the amount of UV that has been absorbed 
by the sample can be determined. - 

The illumination could be uniform across the disk, or it could be selective (e.g. 
applied to one band or to a group of bands only) and under computer control. 

Turning now to Figure 11, there is shown an exemplary spectrometer control 
system for use witii a rotor such as thaft shown in Figure 1. A specirometer 
control 110, for example a micro-computer, controls first arid second voltage 
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regulators 112,114, which, respectively supply the voltages to the outer and 
inner ends of the blades. The control 1 10 also controls a rotational controller 
.116 which itself regulates the rotational speed of a variable-speed motor 118 
which spins the.disk 10, , ,llie.. readout from the head 36 is supplied to the 
controller 1 10 allowing,, ifde^ired. Ae rotational -velocity and the voltages to be 
adjusted either automatically or by a user in dependence upon the measured 
_ band positions,. TTie spectrometer supplies information on the measured band 
positions to an output 120, for.example to a. computer screen or to a data capture 
system. ... . i ... . ^ .-, 

By manually or automatically varying the voltages and, at the same time, the 
rotational speed of the disk. the . spectrometer may be tuned to resolve bands 
over different q/m ranges. As will be shown in more detail below appropriate 
voltage and/or rotational speed changes allow the user to adjust not only the 
precision of the device (the width of the q/m range that can be measured), but 
also the starting point of that range. To put it another way, both the size and 
the. position of the q/m "window" that the spectrometer is sensitive to can be 
varied. 

■ pace a particular band Of iriterest has been detected by the system, the voltages 
and/or the rotational speed may be varied as required to move that band, under 

.automatic or user- control, to a coUection point or channel 40 (Figure 1) near the 
blade end 16.. The selected sample band may then be manually or 
automatically-collected from that jjoint, for further investigation. 

As mentioned above, the shape of the field within each blade, and hence the 
variation in field strength with distance along the separation channel, is 



determined by the blade shape;. • -This ne^ not be the same as that shown in 
Figure 1, but may. be chosen according to the application in hand and, in 
particular, on the characteristics of the hiolecules,' cells or other objects that are 
to be separated. Preferably, though, the field shaping is such tiiat the electric 
force varies with a power of r which is -gi^eatbr than 1 . ' ' ' '' 

We now turn to .a-brief review, of --^sbMe'^o^ tlie cdnsidbratibns which will 
determine :the shape.. First, we redall that'at the equilibritim point tiiere must be 
equality between the centrifugal and the electric force. The centrifugal force 
on a molecule of mass m at radial distance r from the rotation axis is: 

■ •■ =-rna)^r ' (i) 

The Electric field applied to the ends of the rotor blade is defined as : i 

F,=+g(kr^+C) . ^' (2) 

where q is the apparent charge of the molecule, k a positive factor that defmes 
the size of the electric field and C is the dilution factor of the field, that is how 
big the linear deviation is fi-om the square .dependence on . the radius. This 
constant is useful in order to have fi:eedom to create: a rotor blade of a 
reasonable shape. It should be noted that the square term is nomirial and that 
similar considerations apply with any power (>1) in the r term. 

The total force on a molecule fi-om (1) and (2) is:, 
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(3) 



Here we ignore the buoyance effect of the buffer, m factor is a force 
opposing.th.centn&gaI fore./ ™ total force is equal to the centrifugal force 
on a molecule with mass m-m. where m is the mass of the molecule and m is 
*e mass of th. buffer displacecl by one separating molecule. I^is assumis a 
buffer of constant density (not a problem, in practice). 

At equilibrium, from (3): 

which gives: 

• : _ "^io'',±yl mW -4q'Ck. 

'co-'""- ■ = — 

2qk 



(4) 



(5) 



THe negative solution corresponds to an unstable equilibrium and can be 
Ignored. Eq. (5) can also be rewritten as: 
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which reveals the charge to mass dependence of the equilibrium. 
According to eq (2) \ve want to achieve the.electric field: ; 



E(r) = kr'+C 

r - (7) 

The electric field can be written as a function of the electric potential at r, V(r) 
using r=0 as a reference point: 



dr dr 

where / is the electric current in the blade and R the electric resistance. 

We defme as p the buffer reisistivity (e.g. measured ~ 82nm for IxTBE buffer). 

In the following analysis, we achieve our desired field shape by suitable 
selection of the shape of the wall 20 (Figure 1). The necessary fields could 
also be generated by shaping electrodes suitably positioned along the length of 
the rotor blades. . - 

We can write: 



dr ' Dw(r) (9) 
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where w(r) is the width of the blade at r and Z) the depth of the blade. From Eqs 
7,8,9 we derive vvfrj: 



M<7") = 

.. ^^^^^^V: (10) 



At the maximum separation distance we have M>(r^=:,, and at the minimum 
radius r, we have w(rO=Wi. From eq. (10) we have: 



The total resistance of the blade is 



... . r. .. - ' 



(11) 



(12) 



The-Voltage at: the two ends of the blade is V^iR and from (12) we get: 



(13) 



m 



i 

> i. 
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Finally we can calculate the potential well which will be created for the above 

values: . . , , 



r 

W(r) = jF(r)dr = j{gkr' + qC -mco'r') dr: 



^(O = - n^) + gC(r -r,)-imco' (r' - r,^) 



One possible configuration is as follows:' 



(14) 



Outer Width 


Inner 


Outer 


Inner Radius 


W2 (mm) 


Width 


Radius 


r, (mm) 




Wi (mm) 


r2 (mm) 




1 


20 


150 


10 



Angular 
Velocity 
CO (rpm) 


Buffer 
Resistivity 
p(Qm) 


Voltage 
V(V) 


Current 

i(^A) 


3000 


82 


3000 


1102 



All of the numbers in the above table, apart fi-om the current, are user-selected. 
The current is calculated fi-om equation (13) and Ohm's law. 



Figure 4 shows the rotor shapes for the configuration parameters set out above. 
In this example, there are four blades, e^ch having a separation channel 1 mm 
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wide and 15 mm long..- ... ; 

Figure 5 shows in more detail the exact shape of one of the blades, in this 
configuration.. . . , . . . 

, Figure, 6 shows the potential wells for this configuration, in Joules, as a function 
of radius. The shallowest c]urye corresponds to a q/m value of 10^ (in SI units), 
with the deepest corresponding to 10^+15,000. 

10 Figure 7 shows, the distribution ,ot the equilibrium points for the given q/m 
. range. . . , .. ... . ■ r - ... 

We now turn to . a consideration of the expected resolution of the bands. This 
of course will depend upon temperature. Let us assume, for the sake of 
15 simplicity, that the sample acts like a gas, and that the thermal energy can be 
. described by: . . 



■ '^^r' ■ ■ (15) 

20 .. . . 



where r is the temperature and k the Boltzman constant. One way to get an idea 
of the band broadening, induced by the thermal movement, is to see how far 
from the equilibrium point a molecule can move, for a given thermal energy E. 
25 To calculate this we could solve eq (14) for r, where rj would correspond to the 
equilibrium point and to the thermal energy, thus ^F=£. Figure 8 shows 
. estimates of , the bandwidth, for. different values of q/m, at the sample 
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temperatures 25*C, 38°C and 50°C. It will be seen that there is little change 
between 25°C and SO^C. 

To estimate how well we can resolve neighboring q/m values, we can study 
how far apart q/m and q/m4-1400 are for various q/m. This is shown in fig 9- 
Finally fig 10 shows lis how miiny bands pbr cm we could resolve assuming 
they have to be apart by one baJhd width to be resolved; ' - - 

We can conclude firom the above that using a blade configuration as shown in 
Figure 4, along with the parameters mentioned, we can produce the necessary 
electric fields to separate out protein molecules in a ph environment ranging 
from 5-10. The potential wells are deep enough to achieve very good band 
resolution over a large fraction of the length of the blade. 

Shaping of the blade edges is hot the only way to create an electric field which 
varies along the length of the separation channel. An arteimative approach is 
shown in the embodiment of Figure 2, in which similar parts are labelled with 
the same reference numerals as those previously used for Figure 1 . 

In the Figure 2 embodiment, the buffer regions of the blades, and the shaped 
edge 20, are replaced with a variable-resistance wall 50 which defines one side 
of the separation channels 24. By varying the way in which the resistance of 
the wall varies with radial distance, the manner in which the electric field varies 
with distance can also be altered. 

Another embodiment is shown schematically in Figure 3. In this embodiment, 
a vapour or gas is to be separated, rather than a liquid, and the separation 
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channel is replaced by a sealed vacuum chamber 58. A gas sample for study is 
introduced into, the volume 60 of the chamber by a sample, introducing means 
62 at . an end of the chamber.. adjacent to, the rotation axis. The gas sample 
.migrates in , the vacuum along, a radial axis 66 under influence of both the 
,5 , centrifugal force and an electric field generated by field-shaping wires 64. The 
, ^ shape and,confi^ration ,of the. v^ir^^ 64 are chosen so that the field varies with 
radial positipn. in the required way. . , As with the liquid case, any convenient 
njechanism.may bp used for readout, including the intrinsic UV absorption of 
the gas or vapour sample itself 

10 

.Field-shaping wires could, similarly, be used, to provide a graduated field in the 
Figure 2 embodiment (instead of the variable-resistance wall 50). A graduated 
, field could be produced by unevently-spaced. wires , or electrodes with equal 
. . potential differences betNveen adjacent electrodes, or by evenly-spaced wires or 
15 electrodes with unequal potential differences. 

Although it may be convenient for the blades and the separation channels to be 
cut or otherwise formed within the body of a disk 10, it will of course be 
understood that there are numerous other manufacturing possibilities. Each 
20 blade may for example be manufactured separately, with the blades then being 
mounted to a common support to provide rigidity during rotation. There could 
be more or fewer blades than shown in the drawings; the system is constrained 
only by the mechanical robustness of the centrifuge. 

25 The rotor may be of a suitable size and shape to be received within a standard 
(speed-controllable) centrifuge. The mechanism for positioning the readout 
head could be similar or identical to that used in conventional CD players. 



In addition to varying the Tield strengths With radial position, the effective 
centrifugal force along the length of the 'separation channel 24 could also be 
varied with radial position (to a'poWeFother than 1) by making the channel 
curved. In a curved channel, the resolved centrifugal force tending to move the 
sample along the chanriel will depend upon the angle the channel- makes with 
the radial directioh. By varying that angle *ivith radial distance, the resolved 
force will also vary with radial diistance (or, equivaleritly, distance' along the 
channel). ~ ' ' ' 

Depending upon the sample to be investigated, some pre-treatment may be 
desirable. For example, to separate DNA fragments, it may be desirable tXi add 
a fixed large mass to each fragment, to ensure that the q/m values differ:' A 
constant charge (e.g. +1) could also be applied to each object in the sample; for 
example to each protein. If the charge on each object is always the saftie, the 
spectrometer will give a direct readout of mass. 
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CLAIMS: 

1. A methddbfsepai^ating objects comprising 
(a) placing the objecis in a separation channel; 
• (b) roialtihg the clianhel to prbauce a centrifugal force on the objects; 
(c) creating an electric field which varies along the channel; and 
- (dj allowing th^ dbjedts to migrate and separate along the channel under 
thefcombined influenced of the centrifugal force and "the electric field. 

2. A method as claimed in claun 1 in which the objects are biomolecules. 

3. A method as claimed in claim 2 in which the objects are proteins. 

4. A method as claimed in claim 2 in which the objects are DNA or RNA 
firagiiients^ . ' . . 

5. A method as claimed in claim 1 in which the objects are biological cells. 

■ (5. ' A method- as claimfed in claim 1 iri which' the objects are gas or vapour 
molecules. 

7. A method as claimed in any one of the preceding claims in which the 
objects migrate to respective equilibrium points at which the centrifugal force is 
equal to an opposing force du6 to the electric field. 

8. A method as claimed in any one of the preceding claims including 
controlling the migration of the objects by varying an angular velocity at which 
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the channel is rotated. 

9. A method as claimed in .any, one: pf ,the prjeceding . claims including 
controlling the migration of the objects by controlling first and second voltages 
applied respectively at a first end of the channel and. at: a second end. 

10. A method as claimed in clam 8 or claim 9 in which the migration of the 
objects is controlled in order to move an object of interjest to a collection point 
jfrom which it may be collected for fiirther study. 

11. A spectrometer rotor, comprising: 

(a) a radially-extending blade; 

(b) field shaping means for shaping an electric field which, in use, varies 
along the blade; , , 

whereby when the rotor is rotated about an axis, objects, within the blade 
migrate and separate under the combined influence of the centrifiigal force and 
the electric field. 

12. A spectrometer rotor as claimed in claiin.ll in which the field shaping 
means includes a first electrode for applying a first voltage at a first end of the 
blade and a second electrode for applying a second voltage at a second radially- 
spaced end of the blade. 

13. A spectrometer rotor as claimed in claim 12 in which a side wall of the 
blade has a resistance which varies along the length of the blade. 

14. A spectrometer rotor as claimed in claim 12 in which the blade has a 
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width which varies along its length. 

15. A spectrometer rotor as claimed in claim 14 in which the blade 
comprises a parallel-sided separation channel and a variable-width buffer 
region; the separation chahnel being arranged, in use, to receive the objects to 
• be -separated. "- • ■ ■•;v=^'; ■ ' • 

- 16. A spectrometer rotor " as 'claimed m any one of claims 1 1 to 15 in which 
•the blade is defined by a cavity within a disk-like rotor body. 

17. A spectrometer rotor as claimed in any one of claims 1 1 to 16 including a 
collection point on the blade from which selected separated objects may be 
collected. ' : . . . . 

18. A spectrometer rotor as claimed in claim 1 1 in which the field shaping 
means include shaping electrodes within the blade. 

19. A spectrometer rotor as claimed in any one of claims 1 1 to 18 in which 
the blade is arranged for receipt of objects for separation within a liquid or 
gaseous buffer. 

20. A spectrometer rotor as claimed in any one of claims 1 1 to 1 8 in which 
the blade defines a vacuum cavity. 

21 . A spectrometer comprising a spectrometer rotor as claimed in any one of 
claims 1 1 to 20 in combination witii a motor and motor control for controUuig 
rotor angular velocity. 
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22. A spectrometer as claimed in claim 21 including means for generating 
,and controlling the electric field. 

23. A spectrometer as . claimed . . in ; claim 22 including a controller for 
simultaneously controlling both the rotor angular velocity and the electric field. 

24. A spectrometer as , claimed in claim 22 when dependent upon claim 12 
including means for applying user-defined voltages to both the first and the 
second electrodes. 

25. A spectrometer as claimed in claim 24 inqluding a controller, for 
simultaneously controlling the first and second voltages and the rotor angular 
velocity. 
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ABSTRACT 

5 A centrifugal spectrometer has a solid^ rotor (10) formed within which there are 
cavities or blades (12). In use, each blade is filled with a buffer solution, and a 
sample to.be separated is placed in a sample well (32) at the end of a separation 
channel (24). the rotor is spun at a controlled Velocity and, at the same time, a 
controlled potential difference is applied along the length of the blade^. The 

10 blade shape causes the resultant electric field to vary 3,s a function of radial 
distance. The sample separates out into bands^ which move along the channel 
(24) under the combined influence ,of the centrifugal force and .the varying 
electric field. The bands focus at differing equilibrium points according to 
their charge/mass ratios. The band positions are determined by a readout head 

15 (36). The dynamic range of the device may be controlled by altermg the 
rotational velocity and the voltages that are applied. 

' - • (Figure 1) 
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